Introduction {#Sec1}
============

Obesity is a global epidemic and major public health concern, in which obesity increases the risk of chronic illnesses such as; cardiovascular disease, stroke and type II diabetes^[@CR1]^. Chronic, low-grade inflammation plays a causal role in the loss of insulin sensitivity of adipose tissue; adipose tissue inflammation and dysfunction link obesity to the pathogenesis of type II diabetes^[@CR2],[@CR3]^. A key event in obesity is characterized by macrophage infiltration in adipose tissue, which triggers increased secretion of pro-inflammatory adipokines such as monocyte chemoattractant protein-1 (MCP-1) and tumor necrosis factor α (TNFα). Secretion of MCP-1 further attracts macrophages to adipose tissue, exacerbating pro-inflammatory adipokine expression that results in chronic inflammation and systemic insulin resistance^[@CR3]^.

Mitogen activated protein kinases (MAPKs) play a central role in the regulation of adipose tissue inflammation and insulin signaling^[@CR4]--[@CR7]^. Extracellular signal-regulated protein kinase (ERK1/2), c-Jun N-terminal kinase (JNK) and p38 comprise the classical MAPKs and are involved in obesity-induced inflammation and insulin resistance^[@CR7]^. For example, mice deficient in ERK1 are protected against diet-induced obesity and insulin resistance^[@CR8]^. Substantial evidence demonstrates that TNFα perpetuates chronic inflammation leading to insulin resistance, as ablation of TNFα restores insulin sensitivity^[@CR9]--[@CR11]^. MAPK signaling links TNFα to cytosolic inhibition of insulin signaling via IRS-1 regulation and nuclear expression of pro-inflammatory adipokines^[@CR5],[@CR7],[@CR12]^.

While it is well recognized that MAPKs are activated by phosphorylation of the conserved threonine and tyrosine residues within the T-X-Y motif in the activation loop by upstream MAPK kinases, less is known about their deactivation by phosphatases in the regulation of adipose inflammation^[@CR6],[@CR13],[@CR14]^. Dual specificity phosphatases (DUSPs) constitute a subclass of protein tyrosine phosphatases that specifically dephosphorylate (i.e. deactivate) MAPKs. DUSPs are inducible protein phosphatases that have been shown to regulate cellular inflammation and more recently have been shown to play a role in obesity and insulin resistance, in particular through the regulation of MAPK deactivation^[@CR14]--[@CR16]^.

In this report, we show that TNFα-mediated phosphorylation of ERK1/2 and JNK stimulated expression of the ERK-specific phosphatase, dual-specificity phosphatase 5 (DUSP5) resulting in feedback inhibition of ERK signaling and ERK-dependent inflammatory gene expression in adipocytes. Consistent with these findings *in vitro*, DUSP5 deletion in mice exacerbated TNFα-mediated ERK1/2 phosphorylation and inflammatory protein expression in adipose tissue. Our findings highlight the prospective role for DUSP5 in the regulation of adipocyte inflammation and suggest that phosphatases offer potential therapeutic targets to regulate MAPK-dependent inflammation.

Results {#Sec2}
=======

DUSP5 positively correlates with TNFα expression in adipose tissue of diet-induced obese mice {#Sec3}
---------------------------------------------------------------------------------------------

Adipose tissue is a predominate site for the development of obesity-associated inflammation leading to systemic metabolic dysfunction^[@CR10],[@CR12]^. As such, we examined DUSP5 and TNFα gene expression in response to body weight gain in mice over time. For these studies, C57BL/6 J male mice were given ad libitum access to a high fat diet (HFD; 60% kcal) or control diet (CD) starting at six weeks of age. Studies were conducted at 18 wks (stage I) and 24 wks (stage II) of age, representing 12 wks and 18 wks of specialized diet, respectively. As shown in Table [1](#Tab1){ref-type="table"}, 18 wk and 24 wk old mice fed a HFD presented with a 13% and 26% increase in body weight, relative to lean mice fed the CD.Table 1Anthropometrics of mice in this study.StageAgeFinal BW (g)% ∆*diet-induced obesity***LFDHFD**I18 wk30.834.713%II24 wk32.240.626%Percent difference in body weight (BW) between lean and obese mice (% ∆).

To assess the inflammatory status at each stage, relative mRNA expression was determined for TNFα, a critical inflammatory marker in the development of chronic adipose tissue inflammation^[@CR10],[@CR12]^. TNFα gene expression was increased in adipose tissue from epididymal depots of diet-induced obese (DIO) mice, with a progressive increase in TNFα abundance correlating with increased obesity (Fig. [1B](#Fig1){ref-type="fig"}). DUSP5 gene expression proportionally increased with increased obesity (Fig. [1A](#Fig1){ref-type="fig"}) and this positively correlated to an increase in TNFα (Fig. [1C](#Fig1){ref-type="fig"}).Figure 1Increased DUSP5 mRNA expression correlates to increased obesity-mediated TNFα inflammation. RNA was isolated from white adipose tissue (WAT) and (**A**) DUSP5 and (**B**) TNFα mRNA expression assessed via qPCR. As the degree of obesity increased from stage I (12 wk HFD) to stage II (18 wk HFD), (**C**) TNFα mRNA expression increased; this correlated with increased DUSP5 message. Student's t-test with Welch's correction and Pearson Correlation were used to determine significance p \< 0.05.

TNFα regulates DUSP5 expression in adipocytes {#Sec4}
---------------------------------------------

Adipose tissue is predominantly composed of stromal vascular cells that contain preadipocytes and mature adipocytes. Therefore, we examined DUSP5 mRNA expression in preadipocytes and adipocytes. The 3T3-L1 preadipocyte cell line can be stimulated to differentiate into mature adipocytes, with greater than 90% conversion to mature fat cells. We found that DUSP5 mRNA was expressed to similar levels in preadipocytes and differentiated mature day 8 adipocytes (Fig. [2A](#Fig2){ref-type="fig"}); protein expression mirrored mRNA expression (Fig. [2B](#Fig2){ref-type="fig"}; Supplemental Fig. [1A](#MOESM1){ref-type="media"}). Based on these results, and since TNFα expression positively correlated with DUSP5 expression *in vivo*, we next examined DUSP5 mRNA expression in 3T3-L1 preadipocytes and differentiated adipocytes stimulated with 100pM TNFα. This dose of TNFα has previously been shown to suppress insulin signaling and closely approximates TNFα concentrations in obese humans and animals^[@CR9],[@CR10]^. Preadipocytes and mature adipocytes were stimulated in parallel with 100pM TNFα and RNA collected over time post-TNFα stimulation prior to qPCR analysis for DUSP5 gene expression. TNFα failed to stimulate DUSP5 mRNA expression in preadipocytes (Fig. [2C](#Fig2){ref-type="fig"}). In contrast, 100pM TNFα transiently (\<1hr) increased DUSP5 mRNA expression in mature adipocytes (Fig. [2D](#Fig2){ref-type="fig"}).Figure 2DUSP5 expression is essential for the regulation of TNFα-induced ERK 1/2 phosphorylation. (**A**) RNA was isolated from 3T3-L1 pre-adipocytes and differentiated adipocytes and (**A**) DUSP5 mRNA and (**B**) protein expression was assessed via qPCR and immunoblotting, respectively. Pre-adipocytes and adipocytes were stimulated in parallel with TNFα (100 pM) and RNA isolated over time post-treatment prior to examination of DUSP5 mRNA expression via qPCR in (**C**) preadipocytes and (**D**) differentiated adipocytes. (**E**) 3T3-L1 adipocytes were stimulated without TNFα (100pM) and protein harvested over time. Whole cell lysate was subjected to immunoblotting for the detection of DUSP5, phospho-ERK and JNK as well as total ERK and JNK. Adipocytes were transiently transfected with small, non-targeting control (100 nM) siRNAs or siRNAs (100 nM) targeting independent regions of the DUSP5 gene for 48 hrs prior to stimulation with TNFα. (**F**) RNA was isolated 30 min post-treatment and qPCR used to examine DUSP5 expression. (**G**) Whole cell lysate was collected over time post-TNFα stimulation and immunoblotting used to assess phospho-ERK and JNK as well as total ERK and JNK. (**H**) Adipocytes (n = 3/group) were transiently transfected with small, non-targeting control (100 nM) siRNAs or siRNAs (100 nM) targeting independent regions of the DUSP5 gene for 48 hrs prior to stimulation with TNFα. Protein was collected 15 minutes post-TNFα stimulation and immunoblotted for phospho- and total-ERK. Image J software was used to quantify ERK phosphorylation to total ERK expression and one-way ANOVA with Tukey's post-hoc analysis used to determine significance p \< 0.05.

DUSP5 is an inducible ERK-specific phosphatase^[@CR17]--[@CR20]^. Therefore, we examined ERK and JNK phosphorylation in mature 3T3-L1 adipocytes stimulated with 100pM TNFα. Cells were lysed for protein over time and immunoblotted with antibodies against total and phosphorylated ERK and JNK. TNFα-induced phosphorylation of ERK and JNK, which peaked at 15 minutes. This was followed by rapid dephosphorylation by 30 minutes (Fig. [2E](#Fig2){ref-type="fig"}; Supplemental Fig. [1B](#MOESM1){ref-type="media"}). DUSP5 mRNA (Fig. [2D](#Fig2){ref-type="fig"}) and protein expression (Fig. [2E](#Fig2){ref-type="fig"}; Supplemental Fig. [1B](#MOESM1){ref-type="media"}) increased concomitant to ERK dephosphorylation, suggesting that ERK phosphorylation is inversely proportional to DUSP5 expression.

DUSP5 functions to dephosphorylate ERK1/2 in adipocytes in response to TNFα {#Sec5}
---------------------------------------------------------------------------

Based on findings above, we postulated that DUSP5 regulates ERK dephosphorylation in adipocytes in response to TNFα. To test this postulate, adipocytes were transiently transfected with short interfering RNAs (siRNAs) targeting two different regions of the DUSP5 gene (siDUSP5) for 48 hrs prior to stimulation with 100 pM TNFα. A non-targeting control siRNA (siControl) was also transiently transfected under the same conditions. Total RNA was collected 30 minutes post TNFα stimulation and whole cell lysates harvested over time post-TNFα and analyzed for relative DUSP5 mRNA abundance as well as total and phosphorylated ERK and JNK. Targeted siRNA significantly suppressed TNFα-induced DUSP5 gene expression compared to siControl (Fig. [2F](#Fig2){ref-type="fig"}). Transfection with non-targeting siControl did not affect TNFα-induced DUSP5 expression (Fig. [2F](#Fig2){ref-type="fig"}). Loss of DUSP5 gene expression via siRNA was mirrored by prolonged ERK phosphorylation over time (Fig. [2G](#Fig2){ref-type="fig"}; Supplemental Fig. [1C](#MOESM1){ref-type="media"}), with a significant increase in the magnitude of ERK phosphorylation demonstrated 30 minutes post-TNFα stimulation (Fig. [2H](#Fig2){ref-type="fig"}). While loss of DUSP5 function exacerbated ERK phosphorylation (Fig. [2H](#Fig2){ref-type="fig"}), JNK phosphorylation remained unchanged. Lastly, transient transfection with siRNAs did not impact total ERK or JNK protein expression, demonstrating that DUSP5 specifically targeted ERK for dephosphorylation in adipocytes.

DUSP5 regulates ERK-dependent inflammatory gene expression in adipocytes {#Sec6}
------------------------------------------------------------------------

Data presented above demonstrate that DUSP5 regulates ERK dephosphorylation. To determine if changes in ERK phosphorylation resulted in changes in adipocyte function, we next examined pro-inflammatory gene expression. Previous screening efforts from our lab (data not published), identified nuclear factor kappa B- and MAPK-dependent inflammatory genes. We report that TNFα stimulation resulted in a significant increase in inflammatory gene expression of C-C motif chemokine ligand 2/monocyte chemoattractant protein-1 (CCL2/MCP-1), cyclooxygenase-2 (Cox-2) and interleukin-16 (IL-16) (Fig. [3A](#Fig3){ref-type="fig"}). To determine a role for ERK activity regarding changes in gene expression, adipocytes were pretreated with U0126, a potent and selective inhibitor of the upstream ERK kinase, MEK, for 30 minutes prior to stimulation with TNFα. Total RNA was harvested after 1 hr post-TNFα stimulation. TNFα-induced CCL2, Cox-2 and IL-16 was significantly suppressed by ERK inhibition (Fig. [3A](#Fig3){ref-type="fig"}).Figure 3DUSP5 regulates ERK1/2-dependent inflammatory gene expression in adipocytes. (**A**) Adipocytes were pretreated (30 min) with the MEK1/2 inhibitor U0126 prior to stimulation with vehicle (H~2~0) or TNFα (100 pM). RNA was isolated 30 min post-TNFα stimulation and qPCR used to assess inflammatory gene expression of CCL2, COX-2, and IL-16. (**B**) Adipocytes (n = 3/group) were transiently transfected with small, non-targeting control (100 nM) siRNAs or siRNAs (100 nM) targeting independent regions of the DUSP5 gene for 48 hrs prior to stimulation with TNFα. RNA was isolated 30 min post-TNFα stimulation and assessed for CCL2, COX-2 and IL-16 mRNA expression. Statistical analysis was completed by ANOVA followed by Tukey's post-hoc using GraphPad Prism software to determine significance p \< 0.05.

Based on findings above, we postulated that loss of DUSP5 would increase expression of ERK-dependent pro-inflammatory genes. To test this, adipocytes were transfected with two independent siRNAs targeting DUSP5 for 48 hrs prior to stimulation with TNFα. Knockdown of DUSP5 significantly exacerbated CCL2, COX-2 and IL-16 compared to siControl in response to TNFα stimulation; demonstrating biological significance for DUSP5-mediated regulation of ERK phosphorylation.

ERK and JNK activity are necessary for TNFα-induced DUSP5 gene expression {#Sec7}
-------------------------------------------------------------------------

It has previously been reported that ERK regulates DUSP5 expression creating a feedback loop^[@CR21]^. To determine if MAPKs regulate TNFα-induced DUSP5 gene expression, adipocytes were pretreated with U0126, SP600125, and SB203850, representing inhibitors of ERK, JNK, and p38, respectively, for 30 minutes prior to stimulation with TNFα. RNA was harvested 30 minutes post-TNFα stimulation, while whole cell lysates were collected 15 minutes post-TNFα and immunoblotted for total and phosphorylated ERK, JNK and p38. ERK phosphorylation was inhibited when cells were treated with the MEK inhibitor U0126 (Fig. [4A](#Fig4){ref-type="fig"}). Of note, JNK phosphorylation was inhibited with treatment of SP600125 (Fig. [4A](#Fig4){ref-type="fig"}). This is interesting as the JNK and p38 inhibitor act as ATP-competitive inhibitors and thus are thought to primarily interfere with downstream phosphorylation. Indeed, inhibition of JNK and p38 with SP600125 and SB203850, led to attenuation of c-Jun and MAPKAPK2 phosphorylation, respective downstream targets of JNK and p38 (Fig. [4A](#Fig4){ref-type="fig"}). Inhibition of both ERK and JNK significantly suppressed DUSP5 gene expression (Fig. [4B](#Fig4){ref-type="fig"}).Figure 4ERK and JNK activity are necessary for TNFα-induced DUSP5 gene expression. Adipocytes were pre-treated with the MEK inhibitor (U0126; ERKi)), JNK inhibitor (SP600125; JNKi) or p38 inhibitor (SB203580; p38i) for 30 min prior to stimulation with 100 pM TNFα. Protein was collected 15 min and RNA isolated 30 min post-TNFα stimulation and (**A**) immunoblotted for phospho-ERK, JNK, p38, c-Jun and MAPKAPK2 as well as total ERK, JNK, p38 and c-Jun. (**B**) DUSP5 mRNA expression was assessed via qPCR. Adipocytes were pre-treated with two independent MEK inhibitors U0126 and PD98059 for 30 min prior to stimulation with 100 pM TNFα. Protein was collected 15 min and RNA isolated 30 min post-TNFα stimulation and (**C**) immunoblotted for phospho-ERK as well as total ERK. (**D**) DUSP5 mRNA expression was assessed via qPCR. Adipocytes were pre-treated with the JNK inhibitors SP600125 or JNK-IN-8 for 30 min prior to stimulation with 100 pM TNFα. (**E**) Protein was collected 15 min post-TNFα stimulation and immunoblotted for phospho-JNK and total JNK. (**F**) RNA was isolated 30 min post-TNFα and qPCR used to examine DUSP5 mRNA expression. ANOVA followed by Tukey's post-hoc using GraphPad Prism software was used to determine significance p \< 0.05.

To validate these findings, we used two independent inhibitors of the ERK and JNK pathway. Adipocytes were pretreated with U0126 and PD98059 to inhibit ERK as well as SP600125 and JNK-IN-8 to inhibit JNK for 30 minutes prior to TNFα stimulation. TNFα-induced ERK phosphorylation was completely blocked with both ERK inhibitors (Fig. [4C](#Fig4){ref-type="fig"}). Moreover, inhibition of ERK significantly blocked DUSP5 expression in which gene expression was reduced back to vehicle treated levels (Fig. [4D](#Fig4){ref-type="fig"}). Similarly, TNFα-mediated JNK phosphorylation was attenuated with SP600125 and JNK-IN-8 (Fig. [4E](#Fig4){ref-type="fig"}). Consistent with these findings, TNFα-induced DUSP5 gene expression was significantly attenuated in the presence of JNK inhibition (Fig. [4F](#Fig4){ref-type="fig"}). While it should be noted that we observed no cross talk with the JNK or ERK inhibitors SP600125 and U0126 on MAPK signaling, we did not address actions of these inhibitors regarding other signaling pathways. Collectively, however, these data suggest that JNK and ERK regulate DUSP5 gene expression. For all MAPK inhibitor experiments, complete blots with molecular weight markers are shown (Supplemental Fig. [2](#MOESM1){ref-type="media"}).

DUSP5 regulates ERK dephosphorylation and inflammation ***in vivo*** {#Sec8}
--------------------------------------------------------------------

To determine if DUSP5 regulates ERK phosphorylation and inflammatory gene expression in adipose tissue *in vivo*, 1.25 µg TNFα or vehicle control was administered by intraperitoneal (i.p.) injections to 10-week old, male DUSP5 null mice and wild-type (WT) littermates. Animals were sacrificed 1 hr post-treatment and white adipose tissue collected from epididymal fat pads. Total RNA was subsequently isolated. Primers were designed to amplify exon 2 and exon 3, consisting of the phosphatase catalytic domain, to demonstrate loss of the DUSP5 gene. Using these primers, amplification of DUSP5 was not detected in the WAT of DUSP5 null mice but was abundantly expressed in WT littermates (Fig. [5A](#Fig5){ref-type="fig"}). Protein was also isolated from WAT and immunoblotted for total and phosphorylated ERK and JNK. Consistent with 3T3-L1 adipocytes, ERK phosphorylation was significantly increased in DUSP5 null mice compared to WT littermates stimulated with TNFα (Fig. [5B,C](#Fig5){ref-type="fig"}). ERK phosphorylation trended higher with vehicle treatment in DUSP5 null mice compared to WT littermates although not significant. No differences were noted with total ERK or JNK, nor were differences noted in phosphorylated JNK. Based on these results, we next looked at inflammatory gene expression. Similar to the increase in ERK phosphorylation, Cox-2 and CCL2 was significantly increased in DUSP5 null mice compared to WT mice in response to TNFα (Fig. [5D](#Fig5){ref-type="fig"}). Moreover, loss of DUSP5 protein expression (Fig. [5E](#Fig5){ref-type="fig"}) led to a significant increase in Cox2 and CCL2 protein expression (Fig. [5E,F](#Fig5){ref-type="fig"}) in response to TNFα. Of note, basal expression of these two inflammatory molecules was also increased with loss of DUSP5 function. Complete immunoblots for *in vivo* data can be found in Supplemental Fig. [3](#MOESM1){ref-type="media"}.Figure 5DUSP5 deletion exacerbates ERK phosphorylation and inflammatory gene expression *in vivo*. (**A**) RNA was isolated from Wild-type (WT) and DUSP5 knockout (DUSP^−/−^) mice and DUSP5 mRNA expression assessed via qPCR. WT and DUSP5 knockout mice were treated with vehicle (PBS + 0.1% BSA) or 1.25 µg TNFα for 1hr prior to sacrifice. (**B**) Protein was collected from white adipose tissue (WAT) and immunoblotted for phospho-ERK and JNK as well as total ERK and JNK. (**C**) Quantitation was assessed for ERK phosphorylation normalized to total ERK. (**D**) RNA was isolated from WAT and inflammatory gene expression of COX-2 and CCL2 examined via qPCR. (**E**) Protein from WT and knockout mice treated in the absence or presence of TNFα was assessed for DUSP5, Cox-2, CCL2 and αTubulin via immunoblotting and data for inflammatory protein expression (**F**) quantified via Image J software analysis. The collective data led to (**G**) a working model in which ERK- and JNK-dependent regulation of DUSP5 contributes to cross-talk and feedback inhibition of ERK phosphorylation and inflammatory gene expression in adipose tissue in response to TNFα.

Discussion {#Sec9}
==========

The findings of this study demonstrate that DUSP5 acts as a negative regulator of adipocyte inflammatory gene expression that functions by regulating the magnitude and duration of ERK phosphorylation. We propose a model in which ERK and JNK-dependent induction of DUSP5 acts in a reciprocal feedback loop to regulate ERK signaling in a manner that links TNFα to pro-inflammatory gene expression in adipocytes (Fig. [5G](#Fig5){ref-type="fig"}).

Obesity is associated with chronic inflammation that is critical for the development of most obesity-mediated comorbidities including insulin resistance^[@CR12]^. In response to metabolic stress, adipocytes produce and secrete chemokines (e.g. CCL-2/MCP-1) and cytokines (e.g. TNFα) that promote macrophage infiltration; this exacerbates adipose tissue inflammation and promotes insulin resistance^[@CR2],[@CR10],[@CR12]^. We report that TNFα expression increased in adipose tissue dependent on the developmental stage of obesity (Fig. [1](#Fig1){ref-type="fig"}). As obesity increased TNFα expression increased suggesting infiltration of inflammatory immune cells and exacerbation of adipose tissue inflammation. Recent attention has been given to DUSPs, which have been shown to act as critical regulators of inflammation^[@CR14],[@CR22]^. Similar to TNFα expression, DUSP5, an ERK1/2 specific phosphatase, increased with the development of obesity (Fig. [1](#Fig1){ref-type="fig"}). Furthermore, DUSP5 mRNA expression increased concomitant with increased TNFα expression (Fig. [1C](#Fig1){ref-type="fig"}), suggesting that TNFα regulates DUSP5 mRNA expression. Consistent with this hypothesis, we report that TNFα induced DUSP5 expression in adipocytes (Fig. [2D](#Fig2){ref-type="fig"}). These data suggest that DUSP5 acts as an 'inducible' endogenous regulator of ERK phosphorylation under conditions of obesity-mediated chronic, low-grade inflammation.

MAPKs such as ERK1/2 are essential regulators of adipose tissue inflammation, which link TNFα signaling to activation of downstream transcriptional programs that promote pro-inflammatory gene expression^[@CR3],[@CR7]^. Indeed, genetic and pharmacological inhibition of ERK signaling has been shown to protect animals from diet-induced obesity, adipose tissue inflammation and insulin resistance^[@CR7],[@CR23],[@CR24]^. We report that TNFα increased ERK1/2 phosphorylation in adipocytes (Fig. [2E](#Fig2){ref-type="fig"}). Moreover, we demonstrated that ERK activation was necessary for inflammation in adipocytes, where pharmacological inhibition of ERK1/2 attenuated inflammatory gene expression (i.e. IL-16, CCL2, and COX-2) (Fig. [3A](#Fig3){ref-type="fig"}).

MAPK-specific DUSPs have been shown to act as critical downstream regulators of MAPK activation and thus inflammation^[@CR14],[@CR22]^. Our observations that ERK1/2 activation (i.e. phosphorylation) was transient (Fig. [2E](#Fig2){ref-type="fig"}), suggesting rapid deactivation i.e. dephosphorylation by phosphatases, support the postulate that phosphatases act as critical regulators of ERK signaling. Consistent with this postulate, induction of DUSP5 expression was inversely proportional to ERK1/2 phosphorylation in adipocytes in response to TNFα (Fig. [2D,E](#Fig2){ref-type="fig"}). DUSP5 has previously been implicated as a regulator of ERK1/2 signaling in response to pathological cardiac hypertrophy and fibrosis^[@CR21],[@CR25]^. Indeed, we report that genetic loss of DUSP5 exacerbated ERK1/2 phosphorylation in adipocytes *in vitro* (Fig. [2G,H](#Fig2){ref-type="fig"}) as well as in adipose tissue *in vivo* (Fig. [5B,C](#Fig5){ref-type="fig"}).

Emerging literature demonstrates that DUSP5 is a critical regulator of inflammation and immune cell function^[@CR26],[@CR27]^. Consistent with these reports, genetic loss of DUSP5 exacerbated TNFα-induced inflammatory gene expression in adipocytes (Fig. [3B](#Fig3){ref-type="fig"}) as well as inflammatory gene and protein expression in epididymal white adipose tissue (Fig. [5D,E and F](#Fig5){ref-type="fig"}). It should be noted that secretion of pro-inflammatory cytokines from preadipocytes, adipocytes as well as resident adipose tissue macrophages contribute to obesity-induced inflammation and its related comorbidities^[@CR2],[@CR12]^. Thus, it would be important to delineate the role for DUSP5 in each cell type, as well as the impact of cellular cross-talk (e.g. adipocyte-macrophage) on DUSP5 regulation and function. While our *in vitro* data, suggests that loss of DUSP5 perpetuates inflammation in the adipocyte, we do not know how macrophage-adipocyte interactions might change this dynamic. While we can postulate that exacerbated adipose tissue inflammatory gene expression is a consequence of adipocyte signaling dysfunction (i.e. ERK1/2 phosphorylation), studies designed to knockdown DUSP5 in macrophages or tissue-specific knockout studies in mice would provide valuable insight into the actions of this phosphatase.

Canonical DUSP regulation involves feedback inhibition, in which MAPKs induce DUSPs that feedback inhibit MAPK phosphorylation^[@CR21],[@CR28]^. Consistent with this notion, we report that DUSP5 is downstream of ERK1/2 and JNK activation, in which ERK or JNK inhibition attenuated TNFα-induced DUSP5 expression (Fig. [4](#Fig4){ref-type="fig"}). While pharmacological inhibitors can elicit off-target actions, it should be noted that others have reported that ERK1/2 regulates DUSP5 gene expression^[@CR21],[@CR29]^. In addition, the use of independent compound inhibitors to target JNK and ERK for inhibition likely precludes off-target overlap and strongly supports the findings that JNK and ERK regulate DUSP5 message. Collectively therefore, these data suggest cross-talk between the JNK and ERK1/2 signaling cascades, in which JNK-mediated induction of DUSP5 can inhibit ERK1/2 phosphorylation. Others have reported similar cross-talk between signaling cascades, in which JNK-dependent induction of DUSP10/16 blocks ERK1/2 activation in COS-7 cells^[@CR30]^. Together, these findings argue that intracellular signaling cross-talk is mediated, in part, by inducible DUSPs, such as DUSP5.

To conclude, our findings highlight the importance of DUSP5 as an endogenous regulator of ERK1/2 activation in adipocytes as well as regulation of inflammatory gene expression. Our data suggests that ERK1/2- and JNK-dependent regulation of DUSP5 creates cross-talk and/or feedback inhibition for ERK1/2 signaling in adipocytes in response to TNFα. While our findings suggest that DUSP5 potentially regulates ERK-mediated activation of obesity-induced inflammation, studies examining DUSP5 in obesity-mediated metabolic dysfunction have yet to be performed. Loss of DUSP5 function studies in rodent models of diet-induced obesity would highlight the role for this phosphatase in the regulation of ERK signaling, adipose tissue inflammation and insulin resistance. Studies outlined in our report examined the acute impact for DUSP5 loss of function on adipocyte ERK signaling and inflammatory gene expression, in which cells or mice were transiently exposed to inflammatory stimuli and in which DUSP5 responded to TNFα stimulation in a transient manner. As mice on a high fat diet had increased DUSP5 expression (Fig. [1](#Fig1){ref-type="fig"}) however, these data would suggest that long-term loss of DUSP5 function can greatly impact adipocyte function and metabolic outcomes.

Methods {#Sec10}
=======

Experimental animals {#Sec11}
--------------------

C57BL/6 J mice were rendered obese by diet. The supplier (Jackson Laboratories, Bar Harbor, Maine) housed and treated the mice until shipment 1 week prior to tissue harvest. Diet-induced obese C57BL/6 J mice were given free access to a high fat diet (HFD) consisting of 60% of total kcal from fat (Research Diets Inc. D12492) from 6 weeks of age, while lean controls were fed a low fat diet (LFD) consisting of 10% total kcal from fat (Research Diet Inc. D12450B). 10% kcal was from protein in both diets. The balance in caloric value was provided by differences in carbohydrate. Mice were given free access to food. Mice were shipped at 18 weeks and 24 weeks of age prior to euthanasia by CO~2~ gas asphyxiation. Epididymal white adipose tissue (WAT) was collected for total RNA.

Ten week-old, male, wild-type (WT) and DUSP5 null mice (sv/129 strain) were for TNFα experiments. WT and DUSP5 null animals were subjected to intraperitoneal (i.p.) injection with vehicle (PBS + 0.1% BSA) or 1.25 µg TNFα for 1 hr prior to asphyxiation, and WAT collected for protein and total RNA. Animal care and use was in compliance with the Institute of Laboratory Animal Research Guide for the Care and Use of Laboratory Animals and approved by the Institutional Animal Use and Care Committee at the University of Colorado Denver. All experiments were in accordance with the NIH guidelines.

Cell culture {#Sec12}
------------

3T3-L1 preadipocytes were propagated in DMEM supplemented with 10% FBS until density-induced growth arrest. At 2 days post-confluence, growth medium was replaced with DMEM supplemented with 10% FBS, 0.5 mM 1-[m]{.ul}ethyl-3-isobutylxanthine, 1 µM [d]{.ul}examethasone, and 1.7 µM [i]{.ul}nsulin (MDI). Experiments were conducted in preadipocytes (d0) or mature adipocytes (d8) stimulated with 100 pM TNFα. All experiments were repeated at least 3 times.

Immunoblotting {#Sec13}
--------------

Cell monolayers were washed with PBS and scraped into ice-cold lysis buffer containing PBS (pH 7.4), 0.5% Triton X-100, 300 mM NaCl and protease/phosphatase inhibitor cocktail (Thermo Fisher). Cultured cells were sonicated prior to clarification by centrifugation. White adipose tissue was homogenized with the Next Advance Bullet Blender prior to clarification at 16,000 × g for 5 minutes. Protein concentrations were determined using a BCA Protein Assay Kit (Pierce). Proteins were resolved by SDS-polyacrylamide gel electrophoresis (PAGE), transferred to nitrocellulose membranes (BioRad). After transfer, membranes were blocked with 4% milk and probed with indicated primary antibodies for phospho-JNK (Cell Signaling Technology; 4668), phospho-pERK (Cell Signaling Technology; 4370), total JNK (Santa Cruz Biotechnology; sc-571), total ERK (Santa Cruz Biotechnology; sc-153), DUSP5 (Abcam; AB200708), phospho-c-Jun (Cell Signaling Technology; 9165), phospho-MAPKAPK2 (Cell Signaling Technology; 3007), MCP-1 (Cell Signaling Technology; 2029), or Cox-2 (Cell Signaling Technology; 12282). Horseradish Peroxidase (HRP)-conjugated secondary antibodies (Southern Biotech) were used at a concentration of 1:2000. SuperSignal West Pico chemiluminescence system (Thermo Scientific) and a ChemiDoc XRS + imager (BioRad) were used to detect protein. Densitometry was performed using Image J software and statistical analyses conducted via GraphPad Prism software.

Real-Time qRT-PCR {#Sec14}
-----------------

Total RNA was isolated from WAT, preadipocytes or adipocytes via Qiazol (Qiagen) following the manufacturer's protocol. Total RNA was quantified with a Nanodrop ND-1000 spectrophotometer and reverse-transcribed to cDNA using the Verso cDNA Synthesis Kit (Thermo Scientific; AB-1453). The reverse transcription (RT) master mix containing RT buffer, deoxyribonucleotide triphosphate (dNTP) mix, RT random primers, RNase inhibitor (1.0 U/µl), and RT enzyme was added to 500 ng RNA and RNase-free water.

PCR amplification was run using the BioRad CF96X qPCR instrument (BioRad) that consisted of enzyme activation at 95 °C for 15 minutes, followed by 40 cycles of denaturation at 95 °C for 15 sec combined with annealing at 55 °C for 30 sec and extension at 72 °C for 1 minute to examine DUSP5, CCL2, Cox-2 and IL-16 gene expression (Table [2](#Tab2){ref-type="table"}). TNFα was examined using TaqMan^TM^ primers purchased from Applied Biosystems (ABI; Mm99999068_m1). Data were recorded and analyzed with Sequence Detector Software (BioRad) and graphs visualized with GraphPad Prism software. All data were presented as mean ± standard error of the mean (SEM). Data were normalized to 18 S, previously validated as a suitable reference gene^[@CR31]^.Table 2Primer sequences used for qPCR in this study.Genes of InterestForward PrimerReverse PrimerDusp55′-TCG CCT ACA GAC CAG CCT AT-3′5′-GTA GTG TAG GTG GGT GGT GC-3′CCL25′-CTC GGA CTG TGA TGC CTT AAT-3′ 5′-TGG ATC CAC ACC TTG CAT TTA-3′5′-TGG ATC CAC ACC TTG CAT TTA-3′COX-25′-CGA GTC GTT CTG CCA ATA GAA-3′5′-CCT GGT CGG TTT GAT GTT ACT-3′IL-165′-CAG GTC TCA AGA TGC CAA GT-3′5′-TGG CTG CTG ATG GAG TAA AG-3′**Reference Gene**18S5′-GCCGCTAGAGGTGAAATTCTTG-3′5′-CTTTCGCTCTGGTCCGTCTT-3′

RNA Interference {#Sec15}
----------------

Short interfering RNAs (siRNAs) for DUSP5 (Sigma; SASI_Mm01_00262935; DUSP5\#1 and SASI_mM02_00300305; DUSP5\#2) specific sequences as well as non-targeting siRNA control (siControl) sequences (MISSION siRNA Universal Negative Control \#1; Sigma-SIC001) were transfected using Lipofectamine 3000 transfection reagent according to manufacturer's (Thermo Scientific) protocol. Briefly, 3T3-L1 adipocytes were differentiated in 6-well culture dishes. Growth medium was then replaced with DMEM under serum-deprived conditions prior to addition of 3 µl of Lipofectamine 3000 reagent and either 100 nM DUSP5 specific siRNAs or non-targeting siRNA control for 3 hr. Growth medium was subsequently switched to fresh growth medium with FBS for 48 hr incubation prior to stimulation with TNFα. Cells lysate was harvested for RNA or protein as described above.

Statistical analyses {#Sec16}
--------------------

Statistical analysis was completed by ANOVA followed by post-hoc testing (Tukey's test was used for post-hoc analysis unless otherwise noted) using GraphPad Prism software. Statistical significance (defined as p \< 0.05) is reported as applicable.
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